Benchmark of heterogeneous catalysts in oxygen reduction applications
Some of recent advances for heterogeneous nanocatalysts in oxygen reduction application are summarized in Table S1 . Accordingly, most bimetallic and ternary catalysts possess a specific activity (SA) from 0.130 -0.390 mAcm -2 against Pt (noble metal) both in 0.1 m KOH and 0.1 M HClO 4 electrolytes. In the existing literatures, hetero-atomic cluster in cluster or core-shell structure substantially improve the structural complexity in a nanocatalysts. Such an architecture raises the interatomic diffusion barrier in a nanocrystal. High resolution TEM technique was employed to get information of fine structure and shape of the desired nanocatalysts. As shown in Figure S2 , the shape of NCs is also affected by the loading amount of Pt. Figure S2 . HRTEM images of (a) NPP-0.1 and (b) NPP-0.2 for 2 hours Pt 4+ adsorption time. Low resolution HRTEM images has been shown in insets.
X-ray powder diffraction analysis on crystal structure of experimental NCs.
XRD analysis was implemented to gain insight into how the crystal structure could influence the activity of ORR. Average particle size is calculated from XRD peak broading of (111) to Pd-CNT's, and it implies lattice expansion of the Pt crystals of NPP owing to interfacial lattice strain and a greater extent of atomic intermix. The electronegativity of Pt is already higher than Pd and Ni; as a consequence, Pt clusters extract electrons from neighboring atoms to themselves, making the activity of ORR even better. This is consistent with our previous results. On the other hand, the uneven lattice expansion in <111> and <200> directions is a hint for preferential depositing of Pt atoms on the Pd {111} facets in order to minimize the total Gibbs free energy. However, the suppressed intensity of NPP-0.3 as compared to NPP-0.1 indicates that the presence of Pt clusters will interrupt the extent of long-range ordering. 
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Electrochemical impedance spectroscopy (EIS) analysis and equivalent electrical circuit.
Figure S7. The proposed electrical equivalent circuit for modeling the EIS spectra and calculation details of EIS parameters for NPP-10s case.
As indicated in Figure S7 , the impedance response consisted of two overlapping semicircles in the highfrequency region and a Warburg-type straight line in the low-frequency region. For the EIS curve of the NPP-10s, the intersection point at the Z' real axis, the diameter of the two semicircles (high and mediumfrequency region) and the slope of the Warburg-type line (low frequency region) resemble the responses of the series resistance of the electrolyte (R S ), the ion diffusion resistance (R SEI ), the charge transfer resistance (R CT ), and the ion intercalation kinetics in the channels of the active material, respectively. According to Figure S5 and Table S4 the series resistance of the electrolyte is determined by intersection point at Z' real axis (X 1 ), which is R S = 21.56 Ω. Further value of R SEI (X 2 -X 1 ) and R CT (X 3 -X 2 ) is determined by diameter of high frequency and medium frequency semicircles, (here the node of the R CT semicircle between
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Warburg-type regions is outside the present scale), respectively. All EIS parameters including R S , R SEI, R CT etc. were determined by matching the features of EIS spectra with an equivalent electrical circuit containing appropriate elements using EC-Lab V10.40 software NCs increase as the Pt loading goes up. In general, the value of V OC is negatively related to the activation energy of ORR. The specific activity (S.A.), which is calculated from normalizing the kinetic current against total active surface area obtained by CV analysis, reflects the average kinetic performance of the active sites on the surface of nanocatalysts toward ORR. It can be seen in Table S6 that the S.A. value increases with more dosage of Pt in the NPP series, demonstrating the accelerated ORR kinetics on the surfaces. 
